We use the 1/N expansion formalism in a systematic study of high-spin states in the sd and sdg boson models with emphasis on spin dependence of moment of inertia and E2 transitions. The results are applied to the high-spin states in the actinide nuclei 232 Th, 234−238 U, where the need for g bosons is especially acute but until now, no realistic calculation existed. We find that the d-boson energy plays a crucial role in description of the high-spin data.
with the inclusion of g bosons. Applications are made to the actinide nuclei, 232 Th, 234−238 U, for which the ground band has been followed up to spins L > 2N, and hence the need for g bosons is most acute.
The 1/N expansion method has previously been discussed in detail [15] and the recent extensions to higher orders are given in Ref. [16] . Therefore, we give only a short account of the formalism here. The starting point of the 1/N calculations is the boson condensate
where b † l0 denote the boson creation operators and x l the associated mean fields. The summation index runs over l = 0, 2 in the sd model and l = 0, 2, 4 in the sdg model. The axial symmetry assumption in Eq. (1) has been justified in Ref. [16] by comparing the 1/N expansion results with the exact diagonalization ones. For a given Hamiltonian H, one evaluates the projected energies E L = N, x|HP L 00 |N, x and determines x l by variation after projection (VAP) [15] . The resulting energy expression is a double expansion in 1/N andL = L(L + 1), and has the generic form
where a = ll x 2 l and the expansion coefficients e nm involve various quadratic forms of the mean fields x l . The coefficients e nm have recently been derived up to the orderL 3 /N 6 [16] . Since the N dependence is not relevant to the discussion, we will suppress it for simplicity and rewrite the energy formula (2) as
where the coefficients e n can be read off from the expressions given in Ref. [16] .
We note that similar expressions are used in the geometrical model analysis of deformed nuclei [17] . The difference between the two models is that in the IBM the coefficients e n follow from an underlying Hamiltonian (which is used in describing other properties) whereas in the geometrical model they are directly extracted from the data. The moment of inertia problem raised in Ref. [13] refers to the fact that in the sd-IBM, i) the e 1 coefficient gets a substantial contribution from the dipole interaction, L · L, which has no dynamical content, and ii) the e 2 coefficient is much smaller than the experimental values. The two problems are in fact interrelated.
Although the latter can be resolved by renormalizing the moment of inertia at high- [18] ), such modifications are purely kinematical in origin and do not address the dynamical problem.
Another observable of interest in the study of high-spin states is the yrast E2
transitions which have the generic form
where α is an effective boson charge,L = [2L + 1] 1/2 and the coefficients m n are given in Ref. [16] . The first term in (4) gives the familiar rigid-rotor result. The second term is negative and is responsible for the falloffs predicted in E2 transitions.
In order to compare the sd and sdg model predictions, we first present a brief study of the sd-IBM results. We use the standard Hamiltonian
where L and n d are the angular momentum and d-boson number operators, and the quadrupole operator is given by
Here brackets denote tensor coupling of the boson operators andb lm = (−1)
For consistency, the same quadrupole operator is used in the E2 transition operator,
Since L · L does not play any role in the dynamics of the system, we will not discuss it further (it can be easily restored by changing e 1 → e 1 + κ ′ ). In presenting systematics, we find it convenient to use ratios which eliminate the undesired effects of the scale parameters κ and N. The energy scale can be fixed, for example, by fitting κ to the excitation energy of the γ band, E γ . In Fig. 1 , we show four such quantities as a function of q = χ/χ SU 3 for various values of η d = ε d /Nκ. We comment on their behaviour and contrast them with the experimental data below.
a) E γ /Ne 1 : This ratio relates the energy scales of the γ and ground bands, and its mismatch with experiment has been a source of criticism [13] . It is around [4] [5] in the rare-earth region and increases to 8-10 in the actinides. The SU (3) in explaining the energy and E2 transition systematics of low-lying states [12] . In fact, for small values (η d ∼ 1), its effect on low-lying states is negligible and it is not really needed in their description [19] . The above analysis indicates that breaking of the SU(3) limit by either the pairing interaction [13] or by varying the χ parameter [12] does not lead to a soft enough energy surface which is the main reason for the perceived moment of inertia problem in the sd-IBM. The obvious way towards a softer energy surface is to include the d-boson energy in the Hamiltonian which is seen to vastly improve the description of the spin-dependent terms in the ground energies and E2 transitions.
We next present a similar study in the sdg-IBM. A minimal extension of the sd-IBM to the sdg model can be achieved by including the g-boson energy term, ε g n g in the Hamiltonian (5), and modifying the quadrupole operator (6) to
The quadrupole parameters q 24 and q 44 play an important role in the description of the hexadecapole bands but otherwise, the ground band properties are not very sensitive to their variations. In order to limit the number of parameters, we scale the three quadrupole parameters q 22 , q 24 , q 44 from their SU(3) values with a single factor q as suggested by microscopics [20] . In Fig. 2 , we show the ratios in Fig. 1 as a function of q for various values of η g = ε g /Nκ with η d = 0. Before commenting on specific ratios, we point out some general features. For large η g , the g bosons The somewhat surprising conclusion of the above systematic study is that introduction of the g bosons, though necessary to describe states with L > 2N, hardly improves the dynamics of the boson system. The problems attributed to the sd-IBM are, in fact, due to not having a soft enough energy surface and can only be resolved by including the d-boson energy in the Hamiltonian (and not by introduction of g bosons alone).
In the light of the systematic trends discussed above, we carry out fits to the actinide nuclei, 232 Th, 234−238 U, for which the ground band has been followed up to spins L > 2N, and hence the need for g bosons is most acute but no realistic
IBM calculation yet exists. The parameters used in the fits are shown in Table 1 . Table 2 verifies that the inclusion of the d-boson energy does not detract from the usual quality of the β and γ band systematics achieved in the IBM calculations.
In conclusion, we reiterate that the perceived problems with the sd-IBM in its description of spin dependent quantities is not due to lack of higher spin bosons but rather due to the energy surface not being soft enough. Inclusion of the dboson energy, together with the extension to sdg space, can successfully resolve these problems as demonstrated in the fits to the actinide nuclei. The g bosons are necessary for extending the model space but otherwise they play a marginal role in the dynamics of the ground band and can not resolve alone the problems mentioned above. Details of the present work, including applications to the rare-earth nuclei, will be presented in a longer paper [22] . Table 2 : Comparison of the β and γ band energies (in keV) and E2 transitions (in eb) with the sdg-IBM calculations in the actinide region. The data are from [21] . E2 transitions in the actinide nuclei. The data are from [3, 21] .
